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DIVISION S-3—SOIL BIOLOGY & BIOCHEMISTRY

Short-Term Competition for Ammonium and Nitrate in Tallgrass Prairie

Curtis J. Dell* and Charles W. Rice

ABSTRACT

The availability of N limits productivity in tallgrass prairie. Spring
burning is common because it results in greater plant productivity
despite reducing net N mineralization. To better explain how burning
affects inorganic N availability in tallgrass prairie, the partitioning of
“N among plant and soil pools was measured in June and August
1994. Approximately 2.5 g N g~ ! soil was injected as either NH, or
NO; to a depth of 15 cm within cores in burned and unburned prairie.
Cores were removed from the field 6 d after injection, and N recovery
in plant and soil N pools was determined. No more than 14% of the
applied ®N remained in inorganic form 6 d after application. The
largest portion of the applied N (35-80%) was recovered in the
soil organic nitrogen pool (N,). Burning significantly increased the
immobilization of both NH, and NO; within N, and microbial biomass
accounted for =50% of the “N recovered in N,. Accumulation of "N
in plants accounted for =35% of the applied N with a majority
recovered from roots. Burning had little effect on “N recovery in
plants; however, N accumulations in roots were significantly greater
when NO; was used. Results indicate that immobilization within soil
organic matter (SOM) controls the availability of both NH, and NO;
to plants. Increased immobilization in soils with burning probably
results largely from increased microbial N demand resulting from
greater litter inputs with wider C to N ratios. Further research is
needed to determine if abiotic mechanisms for N immobilization also
significantly influence N availability in prairie soils.

‘ N J1TH THE EXCEPTION of water deficits in some years,

the availability of N is generally considered to be
the largest limitation to plant growth in tallgrass prairie
(Owensby and Smith, 1979). However, the response to
fertilizer additions is generally much greater in years
when prairie is burned (Owensby and Smith, 1979;
Seastedt et al., 1991). Seastedt et al. (1991) observed a
9% increase in foliage production with fertilization (10 g
N m~?) in prairie unburned for 15 yr. The same rate of
fertilizer resulted in a 45% increase when applied in the
year of a springtime burn. The authors concluded that
the microclimatic limitations to plant growth created by
the accumulation of surface litter can be greater than N
limitations. The removal of surface litter by fire reduces
shading and insulation of the soil surface resulting in
warmer early season soil temperatures, earlier regrowth,
and greater plant biomass production (particularly
warm-season grasses) (Knapp and Seastedt, 1986). As
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plant biomass production increases in response to burn-
ing, quantities of available soil N may not be sufficient
to meet plant demand.

Although the total mass of N in the Konza Prairie in
Kansas is relatively large (approximately 650 g N m 2
to a depth of 25 cm), the pool of plant-available NH,
and NO; generally represents less than 0.1% of the total
N in the system. Inputs of N through N, fixation and
precipitation are small (1-2 g m~?), and can be offset
by the loss of 1 to 4 g N m~? to fire (Blair et al., 1998).
Therefore, mineralization of organic N must supply the
majority of N needed by both plant and soil microbial
populations. Annual burning has also been shown to
decrease net N mineralization rates, and, therefore,
quantities of plant-available inorganic N compared with
unburned prairie (Ojima et al., 1994; Blair, 1997; Turner
etal., 1997; Johnson and Matchett, 2001). Measurements
of gross N transformation rates in tallgrass prairie soils
indicate that potential daily consumption of both NH,
and NO; exceeds daily production (Williams et al., 2001;
Dell, 1998; Garcia, 1992). Because burning appears to
have little effect on gross mineralization rates (Dell,
1998) or quantities of potentially mineralized N (Dell,
1998; Garcia, 1992), reductions in net mineralization
with burning probably result from greater immobiliza-
tion rather than lower production rates. Increased mi-
crobial immobilization in soil following burning is prob-
ably a response to larger organic matter inputs with
wider C to N ratio (Ojima et al., 1994).

Because microbial N demand in tallgrass prairie is
high and the pool of inorganic soil N is low, the ability
of plants to compete with microbes for that N could
greatly affect their productivity. Jackson et al. (1989)
investigated the competition for both NH, and NO; in
an annual grassland in California. They reported that
daily uptake of NH, by plants and microbes was nearly
equal to the extractable pool and that NO; appeared to
be consumed as quickly as it was produced. More of
the applied N was recovered from soil microbes than
from either plants or the soil inorganic N pool, both
early and late in the growing season. Deluca and
Keeney (1995) traced the fate of "N-labeled NOj; in
tallgrass prairie soil. They found that 24 h after applica-
tion the largest portion of the tracer was recovered from
the soil organic fraction, but after 72 h a larger portion
was recovered in the plants.

The competition between plants and soil microbes
for both NH, and NO; has not been reported for tallgrass
prairie. Microbial assimilation of NOs; is generally not

Abbreviations: N;, soil inorganic nitrogen pool; N, soil organic nitro-
gen pool; SOM, soil organic matter.
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expected in the presence of NH,, because enzymes ac-
tive in the microbial uptake of NO; are inhibited by as
little as 0.1 pg NH,~N g ! (Rice and Tiedje, 1989). This
assumption could lead to the prediction that soil mi-
crobes will not compete strongly with plants for avail-
able NO;. However, substantial microbial assimilation
of NO; has been reported in soils with detectable con-
centrations of NH, (Davidson et al., 1990; Jackson et
al., 1989). In these cases, NO; appears to have been
assimilated within microsites where NH, was depleted.

A better understanding of competition for both NH,
and NO; among plant and soil pools is needed to explain
how the uptake of N by plants is affected by annual
burning in tallgrass prairie. To address the fate of newly
available inorganic N, the partitioning of small additions
of PN-labeled NH, and NO; was determined 6 d after
injection into soils of annually burned and unburned
tallgrass prairie. The 6-d incubation period provided
sufficient time for plant uptake but was short enough
to minimize remineralization of immobilized “N. The
study was repeated within the growing season to com-
pare N partitioning at two distinctly different stages of
plant growth.

MATERIALS AND METHODS

The study was conducted at the Konza Prairie Research
Natural Area near Manhattan, Kansas. The plant community
at the site is dominated by the C, grasses big bluestem (Andro-
pogon gerardii Vitman), switchgrass (Panicum virgatum L.),
and Indian grass [Sorghastrum nutans (L.) Nash]. A wide
variety of cool-season grasses and forbs are also found with
the greatest number observed in unburned prairie. In 1986, a
randomized block experiment with four replicates was estab-
lished to study the effect of annual burning and fertilization
on belowground processes in the tallgrass prairie. The current
experiment was conducted within the unfertilized control plots
of each burned and unburned block. Annual burning occurs
in late April or early May. The soil at the site is mapped as
an Irwin silty clay loam (fine, mixed, mesic, Pachic Argius-
tolls). Total C and N contents of the soil are approximately
3.1and 0.28 g kg~ !, respectively, and have not changed signifi-
cantly with annual burning (Dell, 1998). The soil is somewhat
acid with pH values ranging from 5.6 to 6.1 with no differences
between burned and unburned treatments (Ajwa et al., 1999).

In May and again in July of 1994, two 25-cm-diameter by
25-cm-long PVC cores were inserted to a depth of approxi-
mately 20 cm into each of four replicates of the annually
burned and unburned prairie treatments. Four weeks later,
14 mg of BN (approximately 2.5 wg N g~ ! soil or 0.30 g N
m~2) was injected into each core to a depth of 15 cm using
multiple injections with a spinal needle (17 gauge, 15 cm long;
Popper and Sons, Hyde Park, NY). Solution was injected into
the 0- to 5- and 5- to 15-cm layers separately with each layer
receiving 13 injections. Needles were inserted to a depth of
either 5 or 15 cm with a solid insert. The insert was removed
and solutions were injected as the needle was raised out of
the soil. One core in each plot received (*NH,),SO, (98%
enrichment), while the other received K®NO; (96% en-
richment).

The cores were removed from the field 6 d after N applica-
tion. In the laboratory, the foliage was cut at the soil surface,
the soil removed from the core, and all soil greater than 15 cm
from the surface separated from the top 15 cm of soil. Large
roots and rhizomes were removed. The soil was then passed
through a 6-mm sieve and mixed, and a subsample was re-

moved for analysis. Remaining soil was washed to recover
small roots and root fragments. The soil was placed in a plastic
container, flooded, and shaken repeatedly, with the wash wa-
ter passed through a 0.5-mm sieve after each shaking. Soil
samples were stored at 4°C until analysis. The plant material
was dried for 3 d at 60°C and ground to pass through a 1-mm
screen. The estimated mass of small roots in the subsamples
was added to the mass of recovered roots, assuming the con-
centration of roots in the subsample was the same as in the
washed soil. No roots were removed from soil greater than
15 cm from the surface, but the soil was analyzed for total
BN. Soil and plant material was also obtained from outside
the cores to provide natural abundance "N concentrations.

Soil samples (20 g) were extracted in 100 mL of 1 M KCI
three times by shaking for 1 h at 300 rpm. After shaking,
samples were centrifuged for 10 min at 15000 X g. The first
extract was saved for analysis of "N as NH, and NO; (inorganic
nitrogen, N;). After the third extraction, the soil was freeze-
dried and analyzed to determine "N in the soil organic nitro-
gen (N,) (microbial biomass plus nonbiomass organic matter
components) (Williams et al., 2001). Total NH, and NO; con-
centrations of KCl extracts were determine colorimetrically
by autoanalyzer (Alpkem Corp., Clackamas, OR) after which
extracts were prepared for isotope analysis by the diffusion
method (Brooks et al., 1989). Forty milliliters of extract were
transferred to 120-mL specimen cups and approximately 0.4 g
of MgO and 0.5 g Devarda’s metal was added to each. Small
filter disks (Whatman [Maidstone, UK] GF/D) were acidified
with 2.5 M KHSO, (pH 3.5) and suspended over the extracts
on bent wires. Cups were sealed, gently swirled, and then left
undisturbed for 6 d. After 6 d, filter disks were dried and
transferred to tin capsules for analysis. If 40 mL of extract
contained less than 50 pg N, 40 pg of N was added to the cup
before diffusion.

To determine mass of "N in microbial biomass, 25-g soil
samples were fumigated with chloroform for 48 h and then
immediately extracted with 0.5 M K,SO, (Brookes et al., 1985).
An additional 25 g of soil was extracted without fumigation.
Persulfate digestion (Cabrera and Beare, 1993) was used to
prepare K,SO, extracts before analysis. Three milliliters of
extract was combined with 4.2 mL persulfate solution (low-
N K,S,04,50 g L7 H;BO;, 30 g L% and 3.5 M NaOH, 100 mL
L") and autoclaved for 30 min at 120°C. The determination
of total NH, and NO; concentrations and diffusion in prepara-
tion for isotope analysis followed the procedure described for
KCl extracts. The mass of "N contained in microbial biomass
(MBN) was calculated by dividing the difference in "N mass
between fumigated and unfumigated soils divided by 0.45 to
correct for extraction efficiency (Jenkinson et al., 2004)

Total N concentrations and isotope ratios of plant material
and soils, and isotope ratios of diffused extracts were measured
using an Europa Scientific ANCA-SL isotope-ratio mass spec-
trometer (PDZ Europa, Northwich, UK).

Separate analyses of variance (ANOVAs) were calculated
to assess the effects of burning and form of applied N on N
recovery from each N pool using SAS PROC GLM (SAS
Institute, 2001). Results from June and August were analyzed
individually. Data met normality criteria and were not trans-
formed. Differences among means for combinations of burn-
ing and N-form treatments were analyzed using the LSMEANS
option of PROC GLM. Because of naturally high spatial vari-
ability in plant distribution in the native prairie, differences
were considered significant at p =< 0.10 unless otherwise stated.

RESULTS
June

Recovery of applied N was nearly complete and the
immobilization of applied N was rapid with <15% of
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Fig. 1. Mean distribution of N among soil and plant pools 6 d after application as either NH, or NO; at the Konza Prairie, Kansas, in June
1994. Error bars are the standard deviation of four replicates. Bars for the same N pool accompanied by the same letter do not differ
significantly among combinations of burning and N source treatments (p = 0.10).

the applied N remaining as NH, or NO; after 6 d (Fig. 1).
Significantly less "N remained as N; in burned prairie
compared with unburned when applied as either NH,
or NOs. The largest portion of the applied "N (55-75%)
was recovered from N, (Fig. 1), which contains >95%
of the total N in the sampling zone (Table 1). Analysis
of variance indicated that burning significantly affected
both the uptake of inorganic "N and the accumulation
in N, but that the form in which N was applied did not
affect mass of N in soil pools. Microbial biomass N
accounted for approximately half of the N recovered
from the soil organic fraction regardless of burning or
form in which N was applied; however, variability among
replicates was high and no differences among treatment
combinations were determined (data not shown).
Accumulation of N in the three plant components
was consistently less than in N, and accounted for ap-
proximately 20 to 35% of the applied “N (Fig. 1). Re-
gardless of burning or applied form of N, the majority
of PN accumulated in plants was found in the roots
(Fig. 1), which contained >75% of the total mass of N

in the plant (Table 1). Analysis of variance indicated
no significant effect of burning on recovery of “N in
foliage or roots (Table 2). Tracer recovery in rhizomes
was significantly increased by burning; however, N ac-
cumulation in rhizomes was low regardless of treatment
combination. Mean biomass of the each of the three
plant components was larger in burned prairie com-
pared with unburned, but the difference was significant
only for roots (Table 3). Accumulations of “N in roots
and rhizomes were generally greater when the tracer
was applied as NO; (Fig. 1) with the effect of applied
N form significant in ANOVA for both pools (Table 2).

August

The overall recovery of applied N was lower (65—
75%) in August than June (98%), but the distribution
of recovered “N was similar (Fig. 2). The quantities of
N remaining as N; 6 d after application were similar
to those observed in June (=10% of applied “N). How-
ever, unlike June, burning did not affect the quantity

Table 1. Total N mass in each pool to a depth of 15 cm at the Konza Prairie, Kansas, in June and August 1994.7

June August
N pool Unburned Burned Unburned Burned
gNm?
Foliage 0.46a (0.41) 0.85a (0.39) 0.72a (0.66) 0.70a (0.20)
Rhizomes 0.50a (0.32) 1.06b (0.78) 0.75a (0.40) 0.94a (0.22)
Roots 4.77a (1.67) 5.87a (2.04) 5.56a (1.46) 4.53a (1.93)
Soil NH, 0.53b (0.18) 0.19a (0.06) 0.33b (0.04) 0.13a (0.01)
Soil NO; 0.71b (0.44) 0.10a (0.06) 0.17a (0.09) 0.02a (0.03)

Soil organic N 191.7a (14.05)

202.27a (53.27)

156.8a (54.74) 162.07a (56.01)

T Values in parentheses are standard deviations of eight replicates per burning treatment and sampling date. Means for the same N pool and sampling
date accompanied by the same letter do not differ between burning treatments at p = 0.10.
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Table 2. Analysis of variance (ANOVA) of the main effects of annual burning and applied N form (NH, or NO;) on the recovery of
5N in plant and soil N pools 6 d after application at the Konza Prairie, Kansas, in June and August 1994 (n = 4 per treatment and
sampling date).
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June August
Burning N form Burning N form
N pool F value p>F F value p>F F value p>F F value p>F
Foliage 0.59 0.4627 0.02 0.8843 6.61 0.0331 7.44 0.0260
Rhizomes 3.37 0.0998 14.16 0.0045 0.01 0.9262 0.01 0.9144
Roots 0.10 0.7636 6.22 0.0373 2.61 0.1451 7.55 0.0252
Soil inorganic N 10.44 0.0103 0.21 0.6602 0.01 0.9343 0.78 0.3997
Soil organic N 6.18 0.0346 1.54 0.2458 14.60 0.0041 1.63 0.2342

T Including microbial biomass N.

of N remaining in the inorganic form (Table 2). As in
June, the largest portion of applied "N was recovered
from the soil organic fraction. Accumulations of “N in
N, of the unburned treatment where NO; was the N
source were lower than all other treatments, and burning
resulted in greater accumulations in N, when tracer was
applied as NH, (Fig. 2). The mass of *N recovered from
microbial biomass in each treatment combination was
similar to that recovered in June. Because overall "N
recovery was lower in August, microbial biomass ac-
counted for as much as 80% of N,. However, high vari-
ability among replicates was again observed and treat-
ment combinations were not different.

Quantities of ®N recovered in plant components and
the treatment effects on plant N uptake were similar in
June and August (Fig. 2). Analysis of variance indicated
that foliage N accumulations were significantly af-
fected by both burning and application of "N as NO;
(Table 2). Although total recovery of applied “N was
substantially lower in August than June, the mass of "N
recovered from roots was similar for the two sampling
dates. As in June, ANOVA showed that "N accumula-
tion in roots was not affected by burning but that it was
significantly greater when N was applied as NO; (Table 2
and Fig. 2).

Nitrogen-15 concentrations of the soil immediately
below the application zone were as much as 21 % greater
than natural abundance (data not shown), indicating
downward movement of applied N. Because soil cores
had an open bottom, the total mass of "N below the
application depth could not be quantified.

DISCUSSION

Greater than 85% of "N recovered 6 d after applica-
tion was immobilized within soil organic matter (SOM)
or plants regardless of burning or the form in which N

Table 3. Mass of plant components in June and August 1994 as
affected by annual burning at the Konza Prairie, Kansas.t

June August
Unburned

Unburned Burned Burned

¢ biomass m2

was applied, supporting the view that N demand is high
in the tallgrass prairie ecosystem (Owensby and Smith,
1979; Seastedt et al., 1991). Soil organic matter was the
by far the largest sink for applied “N, indicating that
microbial uptake and, possibly, abiotic mechanisms for
the direct incorporation of inorganic N into SOM (Bar-
rett et al., 2002; Davidson et al., 1991; Johnson et al.,
2000) can limit the availability of both NH, and NO; to
plants. Immobilization of both NH, and NO; within
SOM increased with burning. Wider C to N ratios of
organic matter inputs in burned prairie occur when both
above- and belowground plant biomass production in-
creases without an increase in N inputs (Ojima et al.,
1994). Increased root biomass production in burned
prairie generally offsets or exceeds quantities of above-
ground biomass lost to burning (Rice et al., 1998).
Therefore, greater immobilization of inorganic N within
soil of burned prairie is probably largely due to increased
microbial N demand in response to greater inputs of
lower-quality litter. Hodge et al. (2000) showed that soil
C to N ratio greatly affected the ability of perennial
ryegrass to assimilate N. They observed that 45 to 54%
of the applied "N was assimilated by plants in soils with
C to N ratios of <4:1, but only 11% was recovered in
plants when the soil C to N ratio was 21:1. Although
the current study represents data from only one location,
our finding supports previous observations that soil mi-
croorganisms control plant N uptake in N-limited eco-
systems (Jackson et al., 1989; Kaye and Hart, 1997; Nor-
ton and Firestone, 1996; Williams et al., 2001).

Plant N uptake was consistently less than immobiliza-
tion within SOM. Nitrate uptake by roots decreased in
burned prairie indicating that greater immobilization
within SOM further limited NO; availability to plants.
It could be argued that the N demand of the plant
community was simply much lower than that of micro-
bial community and that the plant N demand was satis-
fied. However, fertilization experiments have shown
plant responses to much larger additions of N than used
in this experiment and that the response was greater in
burned prairie (Owensby and Smith, 1979; Seastedt et
al., 1991; Garcia, 1992). Therefore, it is assumed that
plant N demand is not met in unfertilized prairie and

Foliage 24a (19) 62a (35) 67a (57) 99a (41) plants are actively competing for the limited quantities
Rhizomes 75a (55) 184a (121) 115a (66) 188a (60) f ilable N
Roots 4752 (251)  726b (253)  666a(167)  727a (248) of aval '

T Values in parentheses are standard deviations of four replicates. Means
for the same N pool and pling date acc ied by the same letter
do not differ between burning treatments at p < 0.10.

The incubation period used in this study limited our
ability to determine the partitioning of immobilized "N
within SOM pools. Using an extraction efficiency cor-



e
)
>
P
o)
)
o
S
%)
(]
L=
2
—
>
o
o)
o
<
@
O
S
0]
(S
<
=
o
>
=
Q2
(&)
o
w
o
8]
c
2
(%)
w
ko)
w
>
a
e
)
<
2
e
S
o
[
c
—
=
o
©)
T
L
P
[0)
S
<
=
o
>
=
Q2
(%)
o
w
o)
O
C
Q2
(3]
w
o)
w
(S
o
S
=
e
o)
8]
=}
S
o
—
oY
()
o

DELL & RICE: SHORT-TERM COMPETITION FOR NH, AND NO; IN TALLGRASS PRAIRIE 375
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Fig. 2. Mean distribution of "N among soil and plant pools 6 d after application as either NH, or NO; at the Konza Prairie, Kansas, in August
1994. Error bars are the standard deviation of four replicates. Bars for the same N pool accompanied by the same letter do not differ
significantly among combinations of burning and N source treatments (p = 0.10).

rection of 0.45 (Jenkinson et al., 2004), microbial bio-
mass accounted for one-half to two-thirds of the "N
recovered in the SOM. However, the mechanisms for
the immobilization of the remaining N recovered from
SOM were not directly determined. A large portion
of the nonbiomass “N in SOM is likely to have been
processed through the microbial population, because
the 6-d incubation period allowed sufficient time for
cell turnover. Additionally, abiotic processes may have
been responsible a portion of immobilization. Barrett
et al. (2002) observed that abiotic processes accounted
for 10 to 40% of the immobilization of inorganic N
during laboratory incubations of 10 soils from grassland
sites in the Great Plains. Currently, it is not clear
whether prairie burning has the potential to influence
abiotic interactions of NH, or NO; with SOM. Changes
in plant community structure in response to burning
may change the chemical composition of SOM and
could alter chemical reactions with inorganic N. More-
over, interactions between inorganic N and charcoal and
ash in burned prairie merit further research.
Difficulty in exactly quantifying microbial biomass N
also limits our understanding of partitioning of immobi-
lized N within SOM pools. Although chloroform fumi-
gation and extraction with K,SO, (Brookes et al., 1985)
are commonly accepted as an effective way to liberate
microbial biomass N for quantification, several factors
have been suggested to correct for extraction efficiency
(Brookes et al., 1985; Davidson et al., 1989; Jenkinson
et al., 2004; Shen et al., 1984). Because determination
of extraction efficiency was beyond our capabilities, we
used the correction factor recommended by Jenkinson

etal. (2004). However, pH and other soil chemical prop-
erties, or clay mineralogy, could potentially affect the
extraction of N from a specific soil.

A lesser preference for NO; than NH, by soil microbes
would have helped to explain how plants sustain produc-
tivity in the N-limited prairie. However, the incorpora-
tion of ®N into SOM or microbial biomass was similar
regardless of the form in which the N was applied. Be-
cause the presence of NH, generally inhibits microbial
NO; assimilation (Rice and Tiedje, 1989) and some NH,
was detected in the bulk soil from each replicate, deple-
tion of NH, at microsites within the soil aggregates is
likely to have resulted in microbial assimilation of NOs.

When "NO; was applied to the soil surface of tallgrass
prairie at a rate that was approximately four times
greater than in the current study, DeLuca and Keeney
(1995) found that a greater portion of the applied N
was recovered from roots than was immobilized in soil
72 h after application. A comparison of their study with
ours is an indication that the addition of sufficient N to
fulfill microbial demand and/or abiotic immobilization
potential is needed before plant N assimilation exceeds
immobilization in soil.

Although seasonal patterns cannot be determined
from our observations at only two points in the growing
season, similar distribution of recovered "N between
plants and soil in June and August suggests that compe-
tition may limit N availability to plants throughout the
growing season. Nitrogen content of aboveground plant
biomass of some prairie grasses has been shown to de-
crease after midsummer (Old, 1969; Rains et al., 1975;
Risser and Parton, 1982), leading to the expectation that
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plant N requirements might have been lower in August
than June. However, Risser and Parton (1982) and Old
(1969) found no consistent seasonal trends in root N
content. Owensby et al. (1977) showed that belowground
N reserves in big bluestem declined throughout the mid-
dle of the growing season but increased from August
through November. Decreasing N content of the
aboveground portions of the grasses in the second half
of the growing season may not signal decreasing N de-
mand, but simply a change in the pattern of N allocation
within the plant.

Despite greater N immobilization in soil with burning,
prairie burned annually in the spring is consistently
more productive than unburned prairie (Knapp et al.,
1998; Owensby and Anderson, 1967; Rains et al., 1975).
Burning generally increases the dominance of warm-
season grasses, which have greater N use efficiency than
most cool-season grasses and forbs (Owensby and An-
derson, 1967). Therefore, sustained increases in plant
productivity in burned prairie, despite lower N availabil-
ity, may largely be possible because of N conservation
within the grasses. Removal of N from senescing foliage
and storage in roots and rhizomes during winter mini-
mizes the quantity of N that can be lost when above-
ground litter is burned (Ojima et al., 1994). Two warm-
season grasses, big bluestem and Indian grass, receive
approximately 18% of their annual N requirement from
internal reserves (McKendrick et al., 1975). Clark (1977)
traced internal cycling of N in shortgrass prairie domi-
nated by blue grama [Bouteloua gracilis (Kunth) Lag.
ex Griffiths, nom. illeg.] and found that as much as one-
third of the N contained in the shoots was translocated
to belowground storage organs and was available for
use the following growing season. A long-term N study
at the Konza Prairie (Dell et al., 2005), conducted in
conjunction with the current study, indicated that quan-
tities of N recovered from plants one and two growing
seasons after application as NH, were similar to quanti-
ties recovered 6 d after application. Clark (1977) ob-
served that levels of immobilized "N in blue grama
remained nearly constant up to 5 yr.

Although immobilization within SOM limits the avail-
ability of inorganic N to plants, the continued retention
of N in SOM provides a pool of potentially mineralized
N, which results in a small, but constant, supply of plant-
available N. Williams et al. (2001) reported that 75 to
85% N immobilized in tallgrass prairie soils was miner-
alized within approximately 300 d following application.
Gross mineralization measurements in tallgrass prairie
soil (Dell, 1998; Williams et al., 2001) indicated that
daily production of inorganic N was comparable with,
or somewhat larger than, the size of the standing pools.
Clark (1977) hypothesized that tight recycling of N
within the rhizosphere plays an important role in main-
taining N levels within short-grass prairie plants. He
proposed that a large portion of N leaving roots in
exudates is taken up by microbes and subsequently re-
immobilized by the roots as microbial cells turn over.

Lower total N recovery in August than in June may
have been caused by the drainage of N below the
sampling zone. Because the cores had open bottoms,

quantification of the mass of N below the application
zone was not possible. The PN enrichment of the soil
immediately below the sampling zone, however, was as
much as 20% greater than before N application (data
not shown). The soil water content was only 14 g 100 g~
soil at the time of application in August. Even though no
measurable precipitation occurred during the incuba-
tion period, it is likely that a portion of the injected
solutions flowed below the injection layer through un-
saturated macropores. Substantial denitrification losses
would not be expected given the soil water content
in August.

CONCLUSIONS

The demand for inorganic N in tallgrass prairie soils is
high and immobilization within SOM appears to control
quantities of both NH; and NO; that are available to
plants. Burning resulted in greater incorporation of "N
into SOM when applied as either NH; or NOs. This
increased immobilization in soil was probably due
largely to greater microbial N demand in response to
larger total C inputs with a wider C to N ratio. Because
one-half or more of the applied N was accounted for
in the microbial biomass, microbial assimilation was
probably responsible for the incorporation of most of
the N into SOM. But, further research is needed deter-
mine if abiotic mechanisms contribute significantly to
the immobilization of NH, and NO; in these soils. Al-
though total N recovery was lower in August than
June, the distribution of recovered "N among plant and
soil N pools was similar in the two months, suggesting
that the availability of inorganic N to plants is probably
limited throughout the growing season.
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